Summary
Introduction
Imaging, electrophysiological and neuropsychological studies in patients with intractable temporal lobe epilepsy have contributed much to our understanding of memory functions residing in the temporal region. Patients with right-sided temporal lobe epilepsy are frequently impaired in visuospatial retention tasks; patients with left-sided temporal lobe epilepsy may exhibit deficits of verbal memory (Milner, 1971; Frisk and Milner, 1990; Tranel, 1991) . Additionally, many temporal lobe epilepsy patients perform below healthy control subjects in a variety of neuropsychological tests including frontal lobe and intelligence measures (Hermann et al., 1987; Helmstaedter et al., 1996; Upton and Thompson, 1996 reason is that the localized epileptogenic tissue is not only malfunctioning but also adversely influences remote cerebral structures resulting in additional cognitive deficits (Engel et al., 1991; Lüders and Awad, 1991) .
Typically, patients with intractable temporal lobe epilepsy of unilateral origin exhibit an interictal depression of the regional cerebral glucose metabolism (rCMRGlu) in the corresponding temporal lobe. Therefore interictal PET-scan methods are well accepted as a reliable noninvasive method in the presurgical evaluation of patients with intractable temporal lobe epilepsy (Engel et al., 1982a; Stefan et al., 1987) . Additionally, metabolic disturbances beyond the epileptogenic zone and in the absence of local structural abnormalities have been described in temporal lobe epilepsy patients (Engel et al., 1982b; Theodore et al., 1983; Hajek et al., 1993; Henry et al., 1993; Savic et al., 1997) . Rausch et al. (1994) and Arnold et al. (1996) suggested that thalamic and lateral temporal hypometabolic regions in patients with left mesiotemporal seizure origin are related to verbal memory and word fluency impairments.
The numerous anatomical connections between the temporal and frontal regions and the frequent propagation of temporal lobe seizures (Lieb et al., 1991) and interictal epileptiform discharges (Emerson et al., 1995) via the prefrontal cortex suggest that a temporal epileptogenic zone may also affect frontal lobe regions (Lüders and Awad, 1991; Upton and Thompson, 1996) . Recently, it was demonstrated that the spread pattern of ictal activity as inferred from seizure semiology was correlated with the presence of neocortical hypometabolic regions (Schlaug et al., 1997) . Specifically, frequent habitual temporal lobe epilepsy seizures involving frontal regions could lead to chronic metabolic disturbances in extratemporal areas even if the ictal event preceded the PET-scanning by up to a week (Theodore et al., 1988; Arnold et al., 1996; Savic et al., 1997) . Using mapped pixel-bypixel comparisons with healthy controls Arnold et al. (1996) showed, for a well selected subsample of the present study, that patients with left-sided temporal lobe epilepsy had more pronounced and widespread depressions of rCMRGlu in frontal regions than patients with right-sided temporal lobe epilepsy.
Compared with other neurological and psychiatric disorders (Bench et al., 1990; Perani et al., 1993; Wang et al., 1993) , the association of prefrontal metabolic disturbances and cognitive impairment is less well studied in patients with temporal lobe epilepsy. However, deteriorations of intellectual abilities were supposed, in children with frontal lobe damage and in temporal lobe epilepsy patients with early epilepsy onset, to result from affected frontal lobe maturation (Damasio, 1985; Grattan and Eslinger, 1991; Brown, 1996) .
The reciprocal connections with a wide range of cortical and subcortical structures enable the frontal association region to integrate and evaluate multimodal-affective information and to respond accordingly (Nauta, 1971; Markowitsch, 1988; Fuster, 1989) . Therefore, the prefrontal cortex has the capacity to subserve a broad variety of cognitive functions, e.g. to evaluate the importance of stimuli, to direct and maintain attention, working memory, motility, spontaneity, temporal integration, control of interference, associative learning, strategy formation, conceptualization, divergent thinking, affect and emotion (Stuss and Benson, 1986; Fuster, 1989; Shallice and Burgess, 1991; Shimamura, 1995; Owen et al., 1996) . Impairment of the prefrontal cortex may be revealed in tasks involving complex perceptual analysis or classification, divided attention or interference, response selection and problem solving (Lezak, 1995) .
The working hypothesis of our study was that patients with an asymmetrical prefrontal disturbance in glucose metabolism remote from the epileptogenic temporal zone perform worse in neuropsychological 'frontal lobe measures', including tests of intelligence, compared with temporal lobe epilepsy patients without prefrontal asymmetries. To dissociate neuropsychological effects of prefrontal metabolic lesions from nonspecific cognitive impairment we also studied 'measures of episodic memory' that are supposed to relate primarily to temporal lobe functioning. Furthermore, we consider possible relationships between frontal interictal epileptiform discharges, asymmetries of prefrontal glucose metabolism, and neuropsychological frontal lobe functioning. Because of the intense anatomical connections between thalamus and prefrontal cortex we also investigated whether the zone of metabolic asymmetry depends on thalamic alterations of metabolism. Finally, since prefrontal metabolic and related neuropsychological disturbances are well documented in psychiatric patients (Bench et al., 1990; Powell and Miklowitz, 1994) , we related prefrontal metabolic disturbances to habitual psychiatric symptoms which are frequently demonstrated by temporal lobe epilepsy patients (Engel et al., 1991) .
Patients and methods
To uncover prefrontal-cognitive relationships we initially classified temporal lobe epilepsy patients, from PET-scan evaluation, into subgroups with and without an asymmetric prefrontal glucose metabolism. This classification did not presume an ordinal relationship between prefrontal metabolism and cognitive functioning. The large sample size in this region-of-interest based study provided the opportunity to test the relations of metabolic disturbances and their interactions to neuropsychological measures and clinical variables.
Patients
All patients underwent a comprehensive presurgical evaluation in accordance with the Bethel-Cleveland Epilepsy Surgery Program. Out of 134 consecutive patients with temporal lobe epilepsy scanned with PET, we selected 96 patients who fulfilled the following criteria: seizures of unilateral temporal origin as demonstrated by continuous interictal and ictal video-EEG monitoring with scalp and sphenoidal electrodes, left hemispheric dominance for language processing (all but three right-handed patients with right-sided temporal lobe epilepsy underwent bilateral intracarotid amytal testing), neuropsychological assessment as detailed below, full scale IQ of Ͼ70, no psychiatric illness (DSM-III-R criteria), temporal hypometabolism corresponding to the epileptogenic zone, and no extratemporal or bilateral lesion as demonstrated by axial and coronal T 1 -and T 2 -weighted MRIs. The lack of an extratemporal MRI lesion refers to the absence of any circumscribed foreign tissue lesion or substance defect. Ventricular asymmetries were not considered in this definition. Since [ l8 F]2-fluoro-2-deoxy-D-glucose (FDG)-PET scanning cannot differentiate between lateral and mesial metabolic asymmetries, the correspondence of temporal hypometabolism with the epileptogenic zone was assumed if either a lateral or mesial asymmetry was evident in accordance to the results of the video-EEG monitoring. In 55 patients no structural abnormalities other than a mesial temporal atrophy was detected by MRI scans. Ten patients exclusively showed temporal lateral abnormalities. In 13 patients a lateral and mesial atrophy was observed. In 18 patients MRI signal intensities suggested the presence of a temporal lobe tumour. At the time of PET scanning and neuropsychological investigation, 69 patients were on anticonvulsive medication with carbamazepine, 14 patients had a combination of carbamazepine and phenytoin, and 13 had a phenytoin monotherapy.
PET-scan investigations
PET scanning was carried out with the Scanditronix PC4096/ 7WB PET camera as described in detail elsewhere (Seitz et al., 1994) . In short, subjects were placed comfortably on the scanner bed, and the gantry of the PET camera was aligned with the orbitomeatal line. Room noise was minimized and the lights were dimmed. The patients were asked not to move or speak and to keep their eyes open. All patients were observed by a neurologist during scanning to monitor the resting wakefulness and clinical state. No patient had an epileptic seizure in the 24 h before the examination. A bolus of 200 MBq FDG was injected. The FDG input function was obtained from arterialized blood samples with an oxygen saturation of Ͼ90%. Calculation of the rCMRGlu was performed according to Phelps et al. (1979) . The kinetic constants and the lumped constant of 0.52 were taken from Reivich et al. (1985) . The reconstructed PET images had an image resolution (full width at half maximum) of 7.1 mm and an axial resolution of 6.5 mm.
The rCMRGlu of every patient was determined in visually placed, anatomically oriented, homologous regions of interest in both hemispheres. Regions of interest were drawn on the axial rCMRGlu images using anatomical criteria that were agreed upon by two of the investigators according to Henry et al. (1990) . Since a regional hypometabolism might change the size of a subjectively drawn region, regions on both hemispheres were drawn in a mirror-like fashion, ensuring that they would not differ in size by Ͼ10%. Regions of interest from all parts of the brain included the prefrontal cortex, the lateral and mesial temporal cortex, the temporoparietal operculum, the pericentral, the parietal, the visual occipital cortex, the thalamus, basal ganglia and the cerebellum. The pericentral region of interest included the area of the pre-and postcentral gyri. The cerebellar region of interest comprised both cerebellar hemispheres and the cerebellar vermis. Region of interest data were averaged across two adjacent axial slices. Each mean region of interest value was normalized by division with the individual's wholebrain metabolism, to control for global changes in rCMRGlu between patients and to allow comparisons between scans. CSF spaces were excluded from the computation of the individual's whole-brain metabolism.
In healthy subjects, the metabolic asymmetry between homologous regions in the two cerebral hemispheres has been estimated to be Ͻ10% (Heiss et al., 1984; Reivich et al., 1985) . Therefore, we regarded normalized regional differences Ͼ10% as asymmetrical. This criterion could be approved in a control study using the same instruments and methods as described above. Eighteen healthy subjects of both sexes (mean age Ϯ SD ϭ 33 Ϯ 11 years), with no history of a systematic, neurological or psychiatric disease and a normal neurological examination served as controls. The mean (Ϯ SD) left to right asymmetry between both prefrontal regions of interest was 100.2 Ϯ 3.2%, ranging from 94.6 to 108.5%. Therefore, an asymmetry value of 10% exceeds a criterion of 3 SDs, it can be considered to be significant.
Clinical and demographical variables
The educational status of the patients was ranked into five categories from leaving school without final qualifications (0) to a university degree (4). The variable age at first seizure reflects the age when the first epileptic seizure or febrile convulsions occurred. The variable duration of epilepsy reflects the age span from the beginning of habitual seizures to the age at neuropsychological testing and PET-scan investigation. Seizure frequency is the estimated mean frequency of habitual seizures during the last years. The presence of generalized seizures was registered whenever at least one secondarily generalized seizure was reported in a patient's history. The presence of frontal epileptiform discharges was revealed during the video-EEG monitoring which lasted 4-10 days. Discharges at temporofrontal recording sites were not considered (e.g. at electrodes F7 and F8). All patients older than 17 years underwent a psychiatric evaluation according to DSM-III-R. Because of the broad variability of possible psychiatric symptoms we used an exclusively binary criterium. Patients who were completely free of symptoms were firstly defined as one group (-) then the remaining patients who demonstrated any psychiatric symptoms were considered to constitute the other group (ϩ).
Neuropsychological measures
Patients underwent a comprehensive neuropsychological evaluation designed for patients with temporal lobe epilepsy within Ͻ3 months of FDG-PET scanning. The tests selected as 'frontal lobe measures' are supposed to relate to cognitive frontal lobe functions. The 'measures of episodic memory' are sensitive to temporal lobe dysfunctions.
Details of the tests used in this study were described elsewhere (Lezak, 1995) .
Frontal lobe measures
Frontal lobe measures were as follows.
(i) Verbal IQ (German version of Wechsler Adult Intelligence Scale-revised; Wechsler, 1981) .
(ii) Performance IQ (Wechsler Adult Intelligence Scalerevised).
(iii) Trail Making Test (Parts A and B). The test provides a measure of complex conceptual tracking, planning and flexibility. The patient is first required to join a series of consecutive letters together (Part A) and the time taken until completion is recorded. Subsequently, the subject is required to join alternate letters and numbers in sequence (Part B). The 'frontal lobe time' (time for Part B/time for Part A) is calculated to reduce the variability due to the motor component.
(iv) Two and Seven Test (Ruff et al., 1992) . This test measures differences between automatic and controlled visual search. The automatic condition consists of lines of randomly mixed letters with the digits 2 and 7 randomly intermixed as targets; the controlled search consists of lines of randomly mixed digits as distractors with intermixed target digits 2 and 7. Most prominent differences between the two search conditions were reported for patients with right frontal lobe lesions. Therefore, the ratio between automatic (letter distractors) and controlled (digit distractors) conditions is used.
(v) Digit Span (Wechsler, 1981) .
(vi) Corsi Block-Tapping Span (Milner, 1971) .
(vii) Ruff Figural Fluency Test (Ruff et al., 1987) . The test is supposed to measure productivity, flexibility, selfmonitoring, following rules and use of strategies. It consists of five Five-point Test sheets on which are printed 40 contiguous squares, each containing five identically arranged dots. The patient has to make as many different figures as possible within 5 min by connecting the dots with straight lines without repeating any figure. The ratio of perseverations to unique designs is considered.
(viii) Controlled Oral Word Association (Benton and Hamsher, 1989) . The test provides a measure of verbal fluency and mental flexibility. The patient is given three times 60 s in order to recall as many words beginning with the letters B, F and L. The sum of correct responses is considered. Frontal lesions, regardless of side, tend to depress fluency scores (Miceli et al., 1981) .
(ix) Category Naming. The patient is required to state as many animals as possible within 60 s. The number of correct responses is considered. Impaired categorical verbal fluency is associated with frontal lobe damage (Janowsky et al., 1989) .
(x) Recall Consistency, California Verbal Learning Test (Delis et al., 1987) . The test consists of five presentations with recall of a 16-word list. The consistency of item recall from trial to trial measures the percentage of target words recalled on one of the first four trials that are also recalled on the very next trial. Low recall consistency during learning a word list reflects disorganized styles of learning and may indicate difficulty in formulating or maintaining a learning plan (Jetter et al., 1986) .
Measures of episodic memory
Measures of episodic memory were as follows.
(i) Logical Memory delayed free recall (LMII, see Wechsler, 1987) . This test parameter measures episodic memory for prose passages. Two brief stories are read to the patient. After each one, the patient retells the story from memory. Following a delay of half an hour the patient is again asked to repeat the story, as a measure of delayed recall.
(ii) California Verbal Learning Test delayed free recall (Delis et al., 1987) . The California Verbal Learning Test consists of five presentations with recall of a 16-word list followed by the presentation of an interference list, a short delay free recall, a short delay cued recall and after 25 min a long delay free recall, long delay cued recall and recognition. The long delay free recall performance is considered.
(iii) Rey Visual Design Learning Test delayed free recall (Spreen and Strauss, 1991) . This test parameter measures retention of a list of geometric patterns with two elements over a 1 h delay. The Rey Visual Design Learning Test consists of five presentations with recall of a 15-pattern list.
(iv) Rey Complex Figure delayed free recall. The test parameter measures episodic visual memory. The patient is first instructed to copy the figure. This is followed by a recall trial after half an hour without presenting the figure again.
Statistical analyses
The data analysis provides χ 2 statistics for the occurrence of metabolic asymmetries in 10 regions of interest. Dependencies between the occurrence of thalamic and prefrontal metabolic asymmetries are investigated by the χ 2 test. Differences in clinical and demographical variables between left and right temporal lobe epilepsy patients and patients with (ϩ) and without (-) a prefrontal metabolic asymmetry are reported by χ 2 statistics and Mann-Whitney U tests. To reveal whether prefrontal metabolic asymmetry is predictable from clinical variables a multivariate logistic regression is computed. Statistical analysis of neuropsychological measures used a multivariate analysis of variance (ANOVA) for multivariate main effects. All ANOVAs included the following factors: prefrontal metabolic asymmetry, present (ϩ) versus absent (-), side of seizure origin, left (L) versus right (R), and history of secondary generalized seizures, present (ϩ) versus absent (-). Age at first seizure and age at testing were submitted into the ANOVAs as covariates because of existing sample differences and known effects on neuropsychological measures. Because of the considerable reduction of the sample size in the multivariate ANOVA due to missing values in certain neuropsychological measures, univariate ANOVAs were performed separately for all neuropsychological measures including the same factors and covariates. To reveal whether the magnitude of the prefrontal metabolic asymmetry is associated with neuropsychological measures, ranked asymmetry values were correlated with neuropsychological measures controlled for side of seizure origin, to exclude the influence of cognitive deficits related to the hemisphere side of seizure origin. To test whether the presence of frontal interictal epileptiform discharges influences the performance on neuropsychological 'frontal lobe measures' a multivariate ANOVA was computed including the following factors: frontal epileptiform discharges, present (ϩ) versus absent (-), side of seizure origin, left (L) versus right (R), and history of secondarily generalized seizures, present (ϩ) versus absent (-). Age at testing and age at first seizure were submitted as covariates. Then simple factorial ANOVAs were performed separately for the 10 neuropsychological 'frontal lobe' measures including the same factors and covariates. A level of P ഛ 0.05 was considered significant.
Results

Prefrontal metabolic asymmetry
Metabolic asymmetries were observed in all studied regions of interest (Table 1) . Extratemporal metabolic asymmetries were most frequently exhibited in prefrontal, thalamic and opercular regions. Less frequently, metabolic asymmetries were demonstrated in the cerebellum, basal ganglia, occipital, parietal and central regions. According to the sample inclusion criteria, all patients had either a mesial or lateral temporal hypometabolism or both. Figure 1 shows a characteristic FDG-PET image of a left mesial temporal lobe epilepsy patient who demonstrated remote metabolic disturbances in left fronto-orbital, prefrontal and fronto-opercular regions.
For the regions studied a difference between left and right temporal lobe epilepsy patients in the occurrence of metabolic asymmetry was significant only in the prefrontal cortex. In patients with left-sided temporal lobe epilepsy, a prefrontal metabolic asymmetry was more frequent (40.4%) than in patients with right-sided temporal lobe epilepsy (13.6%) [χ 2 (1) ϭ 8.44, P Ͻ 0.01; Bonferroni corrected for 10 tests P Ͻ 0.05]. No other region of interest showed a significant difference. Two patients with left-sided temporal lobe epilepsy demonstrated a right prefrontal hypometabolism but not a single patient with right-sided temporal lobe epilepsy had a contralateral left prefrontal hypometabolism. The occurrence of prefrontal metabolic asymmetry was not related to the occurrence of thalamic metabolic asymmetries.
Clinical and demographical variables
The comparisons between both temporal lobe epilepsy groups (Table 2 ) revealed a significantly lower age at first seizure in patients with left-sided temporal lobe epilepsy (U ϭ 873.5, P Ͻ 0.05) and a higher frequency of psychiatric symptoms in right temporal lobe epilepsy patients [χ 2 (1) ϭ 4.26, P Ͻ 0.05]. The comparisons between groups without and with prefrontal metabolic asymmetry showed a significant lower age at first seizure in patients with prefrontal metabolic asymmetry [U ϭ 681.5, P Ͻ 0.05]. In patients with leftsided temporal lobe epilepsy there was no age difference between groups with and without prefrontal metabolic asymmetry. However, patients with prefrontal metabolic asymmetry more frequently had a history of secondarily generalized seizures (96.3%) than those without prefrontal A multivariate logistic regression analysis performed to predict the presence (1) or absence of a prefrontal metabolic asymmetry (0) using clinical and demographical variables (Table 2, 
Neuropsychological 'frontal lobe measures'
The multivariate ANOVA on 10 'frontal lobe measures' with factors prefrontal metabolic asymmetry, side of seizure origin and history of secondarily generalized seizures controlled for (Recall Consistency, California Verbal Learning Test) . In these tests patients with prefrontal metabolic asymmetry performed worse than patients without prefrontal metabolic asymmetry. The most prominent effects of prefrontal metabolic asymmetry on Performance and Verbal IQ are demonstrated in Fig. 2 . The tests Block Span and Verbal Fluency showed an interaction between prefrontal metabolic asymmetry and side of temporal lobe epilepsy. In these tests patients with right sided temporal lobe epilepsy and prefrontal metabolic asymmetry were more impaired than other patients. Additionally, the Performance IQ demonstrated significant interactions between prefrontal metabolic asymmetry and the presence of secondarily generalized seizures and between side of temporal lobe epilepsy and the presence of secondarily generalized seizures. Patients without prefrontal metabolic asymmetry and without a history of secondarily generalized seizures as well as left temporal lobe epilepsy patients without secondary generalized seizures demonstrated the highest Performance IQ.
Neuropsychological 'measures of episodic memory'
The multivariate ANOVA on four 'measures of episodic memory' with factors prefrontal metabolic asymmetry, side of seizure origin and history of secondarily generalized seizures controlled for age at testing and age at first seizure 
Correlations between metabolic and neuropsychological measures
Partial correlations between ranked prefrontal metabolic asymmetry estimates and neuropsychological frontal lobe measures controlled for side of seizure origin showed a negative correlation with the Performance IQ for both hemispheres [left hemisphere r (93) 
Frontal interictal epileptiform discharges and neuropsychological 'frontal lobe measures'
The multivariate ANOVA on 10 'frontal lobe measures' with presence of frontal epileptiform discharges, side of seizure origin and history of secondarily generalized seizures controlled for age at testing and age at first seizure revealed 
Discussion
The present study demonstrated that remote metabolic changes of prefrontal structures were related to specific cognitive impairments in patients with temporal lobe epilepsy. These results point to changes in inter-regional cortical interactions which are asymmetric between the two hemispheres but selective with respect to the loci involved.
Clinical variables and prefrontal metabolic asymmetry
Our study on metabolic asymmetries provided evidence for the occurrence of interictal disturbances in the prefrontal metabolism in temporal lobe epilepsy patients, which is in accordance with and extends earlier work (Engel et al., 1982a; Theodore et al., 1988; Rausch et al., 1994; Arnold et al., 1996) . We found in all but two left temporal lobe epilepsy patients a prefrontal metabolic asymmetry ipsilateral to the temporal focus. In addition to others, we provided evidence for a higher frequency of prefrontal metabolic asymmetry in patients with left sided temporal lobe epilepsy (Theodore et al., 1988) .
Analysis of clinical variables revealed that all but one patient showing a prefrontal metabolic asymmetry had a history of secondarily generalized seizures. Postictal PET scans after complex partial seizures with secondarily generalization show increased asymmetry values and widened hypometabolic regions compared with interictal PET scans (Abou-Khalil et al., 1987; Savic et al., 1997) . However, a post hoc correlation analysis (Spearman rank) between the frequency of secondarily generalized seizures and binary and relative prefrontal metabolic asymmetry values did not reveal a dependence. We therefore conclude that prefrontal metabolic asymmetry may reflect chronic pathophysiological changes associated with the occurrence of secondarily generalized seizures but not with their frequency. However, secondarily generalized seizures alone cannot be responsible for the development of prefrontal metabolic asymmetry, because most patients with a history of secondarily generalized seizures (67.5%) did not exhibit a prefrontal metabolic asymmetry. In the group of patients with a history of secondarily generalized seizures some may demonstrate a habitual spread of seizure activity into the ipsilateral frontal lobe. This assumption is in accordance with the observation that seizures with a tonic-clonic semiology are more frequently related to extratemporal metabolic disturbances (Savic et al., 1997; Schlaug et al., 1997) . Because the neuropsychological investigation and the PET study were separated by several weeks in our study it is reasonable to assume that the revealed relation between the presence of prefrontal metabolic asymmetry and cognitive impairment reflects chronic dysfunctioning.
Patients with left-sided temporal lobe epilepsy and a history of secondarily generalized seizures were at highest risk of showing a prefrontal metabolic asymmetry. When considering the side of temporal lobe epilepsy in the multiple regression analysis, age at first seizure did not predict the presence or absence of prefrontal metabolic asymmetry in our sample. Therefore, we assume that a young age at first seizure and more frequent occurrence of prefrontal metabolic asymmetry in patients with left-sided temporal lobe epilepsy are independent effects that have to be separated.
Although a relation between metabolic disturbances and the occurrence of interictal epileptiform discharges within the temporal lobes has been supposed (Arnold et al., 1996; Merlet et al., 1996) we failed to reveal an association in the frontal lobes of temporal lobe epilepsy patients. We also failed to find a dependence between the presence of prefrontal metabolic asymmetry and psychiatric symptoms in the absence of psychiatric illness. However, patients with rightsided temporal lobe epilepsy showed psychiatric symptoms more frequently and a prefrontal metabolic asymmetry less frequently. This could mean that the side of temporal lobe epilepsy is relevant to the development of psychiatric symptoms but not to the presence of a prefrontal metabolic asymmetry.
We confirmed the existence of thalamic and prefrontal metabolic disturbances in temporal lobe epilepsy patients (Rausch et al., 1994; Arnold et al., 1996) , but metabolic disturbances in both regions were unrelated. Therefore, we suggest that, despite intense thalamic prefrontal interconnections, prefrontal metabolic asymmetry developed independently from metabolic disturbances in the thalamic nuclei. It is likely that the massive projection between temporal and prefrontal cortex via the uncinate fascicle provided the major source of influx leading to prefrontal metabolic asymmetry in patients with left temporal lobe epilepsy. Interestingly, though anatomically similarly organized, the temporoprefrontal interactions of the left speech dominant hemisphere seemed more vulnerable than the right ones. It can be speculated whether this was anatomically inbuilt or depended on a different degree of usage between the left and right temporofrontal junction area.
Neuropsychological findings
Based on neuropsychological studies, it has been suggested that temporal lobe epilepsy patients who perform worse in 'frontal lobe' tests exhibit frontal dysfunctioning in addition to the temporal epileptogenic zone (Hermann et al., 1988; Helmstaedter et al., 1996; Upton and Thompson, 1996) . We provide evidence that deficits in 'frontal lobe measures' may be related to prefrontal metabolic disturbances in the absence of obvious structural abnormalities. Comparing temporal lobe epilepsy patients with and without prefrontal metabolic asymmetry, the present study revealed that patients with prefrontal metabolic asymmetry were impaired in frontal lobe and intelligence test measures, but not additionally in measures of episodic memory. Deficits in recall measures of episodic memory were exclusively related to the side of seizure origin. Our results confirm that hemisphere-specific deficits were less prominent in patients with prefrontal lesions, even though the general deficits were pronounced (Reitan and Wolfson, 1994) .
Frontal interictal epileptiform discharges also affected performance in 'frontal lobe measures', but were not related to the occurrence of prefrontal metabolic asymmetry. The effects of interictal discharges, however, validated the chosen 'frontal lobe measures' with respect to the region of interest. Although psychiatric disorders are known to affect cognitive functioning, the presence of psychiatric symptoms could not account for the specific impairment observed in our study.
The most prominent effects of prefrontal metabolic asymmetry on cognition were demonstrated by performance and verbal intelligence measures. It is widely believed that lesions of the prefrontal cortex result only in modest decrements in traditional measures of intelligence as we used in this study. However, this assumption is based on studies of patients with late tumours and head trauma by traditional intelligence tests. When the same patients are assessed by tests measuring efficiency of complex information processing, almost independent from previously acquired knowledge they usually showed decrements of intelligence (Stuss and Benson, 1986; Duncan, 1995) . Because of the long duration of epilepsy of the patients, our findings suggest that prefrontal dysfunctioning will be detrimental if it precedes or accompanies the acquisition of major concepts and knowledge systems (Damasio, 1985; Robin and Holyoak, 1995) . The late acquisition of major complex concepts in development is related to the long lasting process of myelination and changes in synaptic and neuronal density in the prefrontal cortex (Thatcher, 1991) . Therefore, we suppose that temporal lobe epilepsy patients with a prefrontal metabolic asymmetry are at risk of intellectual deterioration as a consequence of affected acquisition of complex knowledge systems or frontal lobe maturation. Alternatively, temporal and prefrontal dysfunctioning together may elicit symptoms of dementia (Brown, 1996) but this needs verification by long-term studies. In addition to the effect of prefrontal metabolic asymmetry on the Performance IQ we observed significant interactions reflecting that patients without a prefrontal metabolic asymmetry and a history of secondarily generalized seizures achieved higher Performance IQ values. However, patients with a right sided seizure origin and a history of secondarily generalized seizures performed worse in Performance IQ tasks than other patients. The verbal IQ showed a main effect of prefrontal metabolic asymmetry, demonstrating deficits of verbal knowledge systems in the presence of prefrontal metabolic disturbances.
Although IQ measures were most sensitive to prefrontal metabolic asymmetry, five of eight 'frontal lobe measures' demonstrated effects of prefrontal metabolic asymmetry or interactions with the side of seizure origin. The rather simple tasks Digit Span, figural fluency and the phonematic verbal fluency showed no differences between patients with and without prefrontal metabolic asymmetry. However, tasks that require a high level of control in processing with inherent time or capacity constraints like the Trail Making Test, the Two and Seven Test, and the consistency in the process of word list learning were sensitive to prefrontal metabolic asymmetry. Two tasks, the visuospatial short-term memory span and categorical verbal fluency, revealed interactions between the side of seizure onset and presence of prefrontal metabolic asymmetry. Patients with right-sided temporal lobe epilepsy and prefrontal metabolic asymmetry performed worst in both tasks. The deficit in a visuospatial task was in accordance with other studies (Owen et al., 1996) . However, the reduced categorical fluency was unexpected. Because of the small number of patients with right-sided temporal lobe epilepsy and prefrontal metabolic asymmetry and a small effect size, the relevance of that effect remains open.
In our patients with prefrontal metabolic asymmetry general deficits as measured by psychometric intelligence were pronounced, whereas deficits in specific 'frontal lobe tests' were less prominent. Generally, cognitive deficits experienced by patients with frontal lobe lesions are difficult to measure with a single psychological test (Reitan and Wolfson, 1994) . Current concepts emphasize that the prefrontal cortex does not embody a unitary mechanism with a specific function. Instead, it is suggested that the prefrontal cortex acts as a supervisory system (Shallice and Burgess, 1991) or inhibitory gating mechanism (Shimamura, 1995) on different functions residing in posterior cortical regions. This might explain the multitude of cognitive impairments resulting from prefrontal lesions. The often subtle frontal deficits may cumulate to a considerable extent in measures of psychometric intelligence if processing of relevant information is or was affected by frontal lobe lesions. That is given if frontal lobe damage occurred prior to adolescence (Damasio, 1985) or if psychometric intelligence is measured by culture fair tests (Duncan, 1995) .
From a methodological point of view it is of relevance that correlational analysis of relative prefrontal metabolic asymmetry values and neuropsychological measures only revealed dependencies on the consistency of word list learning and the Performance IQ. The binary classification of the presence or absence of a prefrontal metabolic asymmetry reduced variability, and improved the explanation of variance of neuropsychological measures. The critical question, however, is whether noise or relevant variability will be reduced. The results of this study suggest that the malfunctioning of the underlying network played a greater role than the metabolic disturbances. Consequently, neuropsychological deficits seemed to be related to prefrontal metabolic disturbances, but the dependence was probably not strongly linearly or ordinally scaled.
Finally, the question whether prefrontal metabolic disturbances persist after successful treatment of temporal lobe epilepsy will be investigated in forthcoming studies.
